We assessed the relationship between consensus clinical diagnostic classification and neurochemical positron emission tomography imaging of striatal vesicular monoamine transporters and cerebrocortical deposition of ab-amyloid in mild dementia. Seventy-five subjects with mild dementia (Mini-Mental State Examination score 5 18) underwent a conventional clinical evaluation followed by 11 C-dihydrotetrabenazine positron emission tomography imaging of striatal vesicular monoamine transporters and 11 C-Pittsburgh compound-B positron emission tomography imaging of cerebrocortical ab-amyloid deposition.
Introduction
Neurodegenerative dementia is common in people over the age of 65 years, with exponential increases in prevalence associated with further ageing (Kukull and Bowen, 2002) . Three clinicopathological entities constitute the great majority of neurodegenerative dementias: Alzheimer's disease; frontotemporal dementia and dementia with Lewy bodies. While Alzheimer's disease is the most common, constituting perhaps 50-60% of dementias, prevalence of the latter two dementias is substantial. Lewy body dementia is estimated to account for 10-15% of dementias, and frontotemporal dementia accounts for $5% (Stevens et al., 2002; Rahkonen et al., 2003) . The costs associated with dementia are substantial and expected to increase considerably over the next several decades (Sloane et al., 2002) .
The clinical syndromes associated with pathologically distinct neurodegenerations have led to specific clinical diagnostic criteria, but the accuracy of clinical criteria is limited in comparison with pathological assessment (Knopman et al., 2001) . Clinical differentiation of Lewy body dementia from Alzheimer's disease is challenging. The core clinical features of Lewy body dementia (cognitive fluctuation, spontaneous visual hallucinations and parkinsonism) are not universal in Lewy body dementia, limiting diagnostic sensitivity (Tiraboschi et al., 2006) . Some of these features may occur in subjects with Alzheimer's disease, limiting specificity (Tsuang et al., 2006) . Differentiating frontotemporal dementia from Alzheimer's disease is similarly difficult. Clinical syndromes commonly associated with frontotemporal dementia pathology, such as primary progressive aphasia, are sometimes associated with Alzheimer's disease pathology (Alladi et al., 2007) . Clinical criteria for frontotemporal dementia diagnosis have relatively low sensitivity, particularly early in the course of illness, and differentiation of frontotemporal dementia from Alzheimer's disease demonstrates variable specificity (Lopez et al., 1999; Varma et al., 1999; Piguet et al., 2009) .
Molecular neurochemical imaging with PET may be useful in differentiating dementia syndromes (Herholz et al., 2007) . Severely decreased nigrostriatal terminal markers are characteristic of Lewy body dementia, and quantification of nigrostriatal terminals differentiates Alzheimer's disease and Lewy body dementia accurately (McKeith et al., 2007) . A further recent imaging development is the advent of ligands binding to cerebral ab-amyloid deposits, including the thioflavin derivative ligand 11 C-Pittsburgh compound-B (PiB; Klunk et al., 2004) . Cerebral PiB binding is increased in Alzheimer's disease, in a subset of subjects with Lewy body dementia, in some subjects with mild cognitive impairment and in some cognitively normal elderly subjects (Villemagne et al., 2008; Brooks, 2009) . Subjects with mild cognitive impairment with increased PiB retention have significantly greater risk of conversion from mild cognitive impairment to dementia, suggesting that amyloid deposition precedes neurological impairment in Alzheimer's disease Okello et al., 2009) . Neurochemical PET imaging may have a role in identifying underlying pathological patterns in subjects with mild dementia where clinical classification may be particularly difficult. We examined classification of subjects with mild dementia by consensus expert clinical diagnoses in comparison with their neurochemical classification on the basis of PET imaging of striatal dopaminergic innervation and cerebrocortical amyloid deposition.
Materials and methods

Subjects
A total of 75 subjects with primary symptoms of mild dementia were recruited from the University of Michigan Cognitive Disorders Clinic. Patients with primary neurological presentations involving noncognitive domains (ataxia, parkinsonism, etc.) are not regularly evaluated in this clinic and were not included. Inclusion and exclusion criteria were designed to capture subjects with mildly symptomatic neurodegenerative dementias. All subjects who met these criteria and agreed to participate were entered into the study. Virtually all potential subjects with mild dementia seen in the University of Michigan Cognitive Disorders Clinic were approached about study participation by their treating clinicians during the active enrolment period. Of subjects meeting inclusion and exclusion criteria, 55% declined participation. Informed consent was obtained from all subjects, and where appropriate, also from subjects' nearest relatives or legal representatives. The Institutional Review Board of the University of Michigan (IRBMED) approved this investigation.
Inclusion and exclusion criteria
Included subjects were over the age of 40 years, had Folstein Mini-Mental Status Examination scores 518, had cognitive symptoms for longer than 9 months and were capable of completing neuropsychological testing and research neuroimaging. Subjects with a modified Hachinski scale score 44 or meeting NINDS-AIREN (National Institute of Neurological Disorders and Stroke and Association Internationale pour la Recherché et l'Enseignement en Neurosciences) criteria suggesting vascular dementia were excluded (Roman, 1993; Moroney et al., 1997) . Subjects were also excluded if a finding suggested a possible non-neurodegenerative cause of cognitive decline: clinically significant abnormality on screening blood tests including vitamin B 12 level and thyroid function tests; Geriatric Depression Score 46; history of seizure disorder; history of cranial radiation therapy; history of mental retardation; recent history of focal brain injury; focal neurological deficits that developed simultaneously with cognitive complaints; the presence of a systemic or medical illness that would confound the diagnosis of a degenerative dementia; or consensus classification as mild cognitive impairment.
Clinical classification
Clinical evaluations included history and neurological examination, brain MRI, laboratory evaluation to exclude potential confounders and a standardized neuropsychological evaluation. The neuropsychological evaluation administered to all subjects included the measures from the National Alzheimer Coordinating Centre Unified dataset, consisting of: the Mini-Mental State Examination; Boston Naming Test; Digit Span Forwards and Backwards; Trail Making Test (Parts A and B); Logical Memory and Logical Memory-Delayed Recall; and Semantic Fluency (Animal Naming). Caregivers completed the Neuropsychiatric Inventory.
Clinical, structural imaging, laboratory and neuropsychological data for each subject were abstracted into a standard form by one of the investigators (J.F.B.). A panel of experienced clinicians blinded to the PET neuroimaging (R.L.A., K.A.F., B.G.) reviewed these data and assigned a classification to each subject with reference to recommended clinical criteria for Alzheimer's disease, frontotemporal dementia and Lewy body dementia diagnoses (McKhann et al., 1984 (McKhann et al., , 2001 McKeith et al., 2005) . If there was discrepancy between the raters, consensus was reached by discussion. Consensus panel classifications were assigned without knowledge of apolipoprotein "4 (APOE4) results.
Positron emission tomography imaging
Subjects underwent 11 C-PiB and 11 C-dihydrotetrabenazine PET imaging on a Siemens ECAT HR + camera operated in 3D mode (septa retracted). The two radiotracer scans were usually performed on the same half day, with at least 2 h between scans to allow for physical decay of the first tracer prior to the second scan. 11 C-PiB was administered as an intravenous bolus of 45% of the total mass dosage over 30 s followed by constant infusion of the remaining 55% of the dose over the 80-min study duration (Koeppe and Frey, 2008 ).
11
C-PiB PET images were acquired as a dynamic series of 17 scan frames over a total of 80 min as follows: 4 Â 30 s; 3 Â 1 min; 2 Â 2.5 min; 2 Â 5 min; and 6 Â 10 min. Parametric PiB distribution volume ratio (DVR) images were computed by averaging the last four scan frames (40-80 min) normalized to the mean value in the cerebellar hemisphere cortical grey matter. ( + )-11 C-dihydrotetrabenazine was administered intravenously as a bolus containing 55% of the total mass dose over 30 s followed by continuous infusion of the remaining 45% of the dose over the 60 min study duration (Bohnen et al., 2006) . A dynamic series of PET images were acquired over 60 min: 4 Â 30 s; 3 Â 1 min; 2 Â 2.5 min; 2 Â 5 min; and 4 Â 10 min. Parametric dihydrotetrabenazine DVR images were computed by averaging the last three scan frames (30-60 min) and normalized to the mean value in the occipital cerebral cortex.
Positron emission tomography neuroimaging classifications
The PET image analyses used for subject classifications were made by an expert familiar with the biodistributions of the tracers in normal and relevant pathological cases (K.A.F.). Following the procedure used in the Phase III study of N-!-fluoropropyl-2b-carbomethoxy3b-(4-[ 123 I]iodophenyl)nortropane single photon emission computed tomography for diagnosis of Lewy body dementia (McKeith et al., 2007) , the assessments were designed to reproduce conditions that would probably be obtained if routine clinical use of these measures were implemented. For comparison purposes only, we additionally employed volume of interest-based quantitative assessments of both tracer distributions (below). Parametric DVR 11 C-PiB and 11 C-dihydrotetrabenazine DVR image sets for each subject PET studies were stripped of identifiers. Images were reviewed prior to consensus clinical evaluation of blinded clinical data. Neurochemical classifications were then assigned based on combined PiB and dihydrotetrabenazine results in each subject (Fig. 1 ). Subjects were classified as abnormal if the striatal DVR was reduced below the range of Figure 1 Examples of PET neurochemical classifications. Shown are images depicting the equilibrium distribution volume ratio (DVR) for 11 C-PiB (top) and 11 C-dihydrotetrabenazine (bottom) . The DVR maximum for each parametric PiB image is 3.0, while the maximum for the parametric dihydrotetrabenazine images is 4.5. (A) The subject in the first column has elevated PiB DVR in the cerebral cortex (signal exceeds subcortical white matter) and normal striatal dihydrotetrabenazine DVR, consistent with the neurochemical classification of Alzheimer's disease. (B) The subject depicted in the middle column has normal PiB DVR (subcortical white matter exceeds cerebral cortex) and severely reduced striatal dihydrotetrabenazine binding, consistent with classification as dementia with Lewy bodies. (C) The subject in the right column has normal PiB DVR and only mildly reduced striatal dihydrotetrabenazine DVR, consistent with classification as frontotemporal dementia.
normal findings in either hemisphere by qualitative assessment of the DVR images. Cerebral 11 C-PiB retention was classified as abnormal when frontal lobe cerebral cortical DVR exceeded subjacent frontal white matter values by qualitative visual inspection of the DVR images. Visual assessment of cortical PiB deposition has been found to exhibit accuracy comparable with quantitative analyses of PiB binding Suotunen et al., 2010) . Some subjects with Lewy body dementia had PiB deposition, while others were PiB negative. Individuals with normal dihydrotetrabenazine binding and abnormally increased PiB deposition were classified as having Alzheimer's disease. Individuals with normal PiB and dihydrotetrabenazine scans were classified as having frontotemporal dementia. As expected, some subjects classified as frontotemporal dementia had mild dihydrotetrabenazine reductions, but not judged below the range of normal, or were considered otherwise atypical of Lewy body dementia.
Positron emission tomography volume of interest measures
All frames of both the dihydrotetrabenazine and PiB scans were co-registered to frame 10 of the dihydrotetrabenazine scan. Parametric images were generated for both blood to brain transport rate (K 1 ) and binding (DVR) relative to the reference tissue for each tracer (occipital cortex for dihydrotetrabenazine and cerebellar cortical grey matter for PiB). PET images for each subject were reoriented to a common coordinate system based on the stereotactic atlas of Talairach and Tournoux (1988) . Following reorientation, all images underwent linear scaling and non-linear warping to minimize individual anatomical structural differences (Minoshima et al., 1994) . A single transformation based on the individual's dihydrotetrabenazine K 1 images was calculated for each subject and then applied to the other three parametric image sets. All transaxial levels of the atlas have been digitized and a set of standardized volumes of interest defined on the atlas images, including cerebrocortical Brodmann areas (BA) as well as subcortical, cerebellum, brainstem and white matter regions. In dihydrotetrabenazine quantitative analyses, volumes of interest were applied bilaterally to the putamen, and the DVR value from the hemisphere with lowest binding was used. In PiB analyses, volumes were extracted corresponding to the lateral and medial frontal cortices (BA 9-11 and 44-46) and subcortical white matter (both anteriorly and posteriorly at the level of the basal ganglia and superiorly at the level dorsal to the lateral ventricles).
Statistical analyses
Data analysis was performed with Stata version 11.1 (Stata Corp.). Demographics and other characteristics of the subjects were summarized as frequencies and percents for categorical variables, and as means and standard deviations (SDs) for continuous variables. Differences between groups on demographic and neuropsychological variables were assessed using chi-square tests for categorical variables, t-tests or one-way ANOVA for normally distributed variables, and Mann-Whitney-Wilcoxon or Kruskal-Wallis rank sum tests for nonnormally distributed variables. The -statistics were calculated to assess inter-assessment agreement.
Results
A total of 75 subjects were evaluated. Thirty-six subjects were classified clinically as having Alzheimer's disease, 14 as having Lewy body dementia and 25 as having frontotemporal dementia. The mean age was 72 years (range 54-90 years) and 40% of the subjects were female (Table 1) . There were few significant differences among clinically defined groups in historical or neuropsychological characteristics and these were relatively modest in magnitude. Reflecting employment of the standard clinical diagnostic criteria, the differences in historical and neuropsychological features of study subjects were predictable. Behavioural complaints were more common in clinically classified frontotemporal dementia than in clinically classified Alzheimer's disease and Lewy body dementia, though this difference was not significant. Parkinsonism and hallucinations were more common in clinically classified Lewy body dementia than Alzheimer's disease and frontotemporal dementia. Clinically classified subjects with frontotemporal dementia performed worse than the other groups on the Trail Making Test Part A, though this result did not achieve significance. Logical Memory-Delayed Recall scores were lower in clinically classified Alzheimer's disease compared with clinically classified subjects with frontotemporal dementia and Lewy body dementia, while Block Design scores were worse in clinically classified Lewy body dementia than in the other subject groups. The proportion of APOE4 heterozygotes and homozygotes were distributed approximately equally across all three groups.
PET molecular imaging with dihydrotetrabenazine revealed 15 cases with significant striatal deficits. Of these, 10 had findings considered typical of Lewy body dementia, with relatively symmetrical side-to-side and rostrocaudal (caudate-to-putamen) reductions of DVR. Five cases demonstrated significant reductions, but had significant side-to-side asymmetry of striatal DVR. An additional five subjects had very mild abnormalities of dihydrotetrabenazine DVR that were judged borderline, but assigned within the normal range. For comparison purposes, volume of interest quantitative results revealed putamen DVR values of 3.61 AE 0.44 (mean AE SD) in subjects assigned imaging diagnoses of Alzheimer's disease, 2.07 AE 0.29 in subjects with Lewy body dementia and 3.43 AE 0.57 in subjects with frontotemporal dementia (Fig. 2) . Employing a À 2.5 SD threshold below the mean of the Alzheimer's disease group, a single image-classified case with Lewy body dementia had normal-range DVR and a single image-classified case with frontotemporal dementia had reduced dihydrotetrabenazine DVR in the putamen. Retrospective review of the image-classified case with Lewy body dementia revealed a marked interhemispheric striatal DVR asymmetry, resulting in an abnormal visual inspection classification. The image-classified case with frontotemporal dementia demonstrated entirely preserved caudate nucleus DVR despite the lowest putamen DVR within the decreased range. If the former subjects were reclassified to image-based normal dihydrotetrabenazine, this subject would then be frontotemporal dementia, concordant with their consensus clinical classification. The latter subject, if reclassified to imagebased abnormal dihydrotetrabenazine, would then be considered Lewy body dementia, discordant with their clinical consensus diagnosis of frontotemporal dementia.
PET molecular imaging of PiB binding revealed abnormally increased frontal neocortical DVR relative to subjacent white matter in 54 subjects. There were five instances where the distinction of increased frontal cortical 11 C-PiB binding was considered difficult; two cases were ultimately assigned as normal PiB imaging and three cases considered as abnormally increased PiB binding by qualitative assessment. Comparison of volume of interest-based assessment of frontal cerebral cortex to average subcortical white matter revealed a ratio of 1.38 AE 0.21 in cases with image-based classification of Alzheimer's disease versus 0.92 AE 0.10 in cases classified as frontotemporal dementia (Fig. 3) . Cases classified as Lewy body dementia had ratios in both the normal and elevated ranges, consistent with the known overlap of Lewy body pathology with ab-amyloid pathology in Lewy body dementia. Employing a cut-off ratio of 1.0, two cases qualitatively classified as PiB 'positive' had values below this threshold. Review of these instances revealed some areas in the white matter with relatively elevated DVR, despite white matter values in at least one midfrontal lobe that were at or below overlying cortical binding. Conversely, there were two subjects qualitatively classified as PiB 'negative' with volume of interest ratio values 41.0. Review of these cases revealed higher frontal lobe white matter DVR than overlying cortex, but with suggestion of reduced periventricular white matter PiB, likely contributing to elevation of the volume of interest ratios. If all four subjects were reclassified based on volume of interest results, two cases of concordant imaging and clinical consensus frontotemporal dementia would become discordant, image-based Alzheimer's disease, while two cases of binding in the putamen. DVR values for the lowest hemisphere of each subject are depicted according to the qualitative image-based subject classification. A cut-off value of 2.51 is depicted by the horizontal line, representing À 2.5 SD below the mean of the subjects with Alzheimer's disease (AD). Based on the assumption that subjects with frontotemporal dementia (FTD) may have mild dihydrotetrabenazine reduction, there may be one subject with Lewy body dementia (DLB) and one subject with FTD that could be reclassified on the basis of volume of interest quantification compared with the qualitative visual analysis (see text for detailed discussion). discordant image-based Alzheimer's disease would become concordant frontotemporal dementia. On the basis of the qualitative PET neurochemical image interpretations, 47 subjects were characterized as having Alzheimer's disease, 15 as having Lewy body dementia and 13 as having frontotemporal dementia (Table 2) . We also compared clinical and neuropsychological features of groups defined by their neurochemical imaging classifications (Table 2 ). There were modest differences of small magnitude among subject historical features, reflecting the expected differential patterns in patients with these dementias, and overall similar to the clinically defined group characteristics (Table 1) . Among historical features, behavioural complaints were more common in subjects with imaging classification as frontotemporal dementia, and parkinsonism and hallucinations occurred more frequently in subjects classified as Lewy body dementia. A substantial fraction (38%), however, of subjects neurochemically classified as having frontotemporal dementia did not have prominent behavioural complaints. Similarly, a significant fraction of subjects neurochemically classified as having Lewy body dementia (47%) lacked parkinsonism, and some subjects classified neurochemically as Alzheimer's disease had either prominent behavioural complaints or parkinsonism. Neurochemically classified patients with Alzheimer's disease had lower scores on logical memory testing, including delayed recall. Other measures (Trail Making Test Part A; Block Design) that differed among the clinically defined groups were similar between neurochemically defined groups (Table 2) . No subject classified as frontotemporal dementia by imaging criteria was an APOE4 homozygote and only a minority were APOE4 heterozygotes.
While proportions of APOE4 homozygotes were not significantly different across groups, there was a trend towards enrichment of APOE4 homozygotes in subjects classified as having Alzheimer's disease by neurochemical imaging criteria.
The overall concordance between clinical and neuroimaging classifications was only moderate (Table 3 ). The overall -statistic for agreement between classifications was 0.39 [95% confidence interval (CI): 0.27-0.58]. With each of the clinical classifications analysed separately (Table 4) , for the identification of Alzheimer's disease was 0.39 (95% CI: 0.18-0.61), for frontotemporal dementia 0.32 (95% CI: 0.11-0.52) and for Lewy body dementia 0.62 (95% CI: 0.39-0.84). Using the molecular neuroimaging classifications as the 'gold standard', clinical classifications of Alzheimer's disease and frontotemporal dementia exhibited moderate specificities and sensitivities and clinical classification of Lewy body dementia exhibited moderate sensitivity and good specificity ( Table 4) .
The most frequent discordance between the clinical and molecular imaging classifications was observed in subjects classified clinically as frontotemporal dementia. Of 25 clinical subjects with frontotemporal dementia, only nine were classified as frontotemporal dementia by imaging criteria. Fifteen subjects with clinical frontotemporal dementia had positive PiB scans, leading to a molecular imaging Alzheimer's disease classification. One subject with clinical frontotemporal dementia had a severely abnormal dihydrotetrabenazine scan, leading to a molecular imaging Lewy body dementia classification. Excluding this latter subject, clinically classified subjects with frontotemporal dementia were dichotomized on PET-PiB imaging results (positive versus negative; Table 5 ). There were significantly more females than males in the discordant frontotemporal dementia group (clinically classified as frontotemporal dementia and PET classified as Alzheimer's disease). Behavioural complaints were significantly more common in the concordant frontotemporal dementia group (clinically and PET classified as frontotemporal dementia; 78% versus 13%; P 5 0.05) and Neuropsychiatric Inventory total scores (3.6 versus 1.9, P 5 0.05) and Neuropsychiatric Inventory severity (6.3 versus 2.8, P 5 0.05) were higher in this group. The discordant frontotemporal dementia group (clinically classified as frontotemporal dementia and PET classified as Alzheimer's disease) was compared also with those concordantly classified as Alzheimer's disease (clinically and PET classified as Alzheimer's disease; Table 6 ). Neuropsychological testing revealed significantly more impaired delayed recall in the concordant Alzheimer's disease than discordant frontotemporal dementia (3.1 AE 3.0 versus 6.7 AE 4.7; P 5 0.05) and non-significant trends towards more impaired frontal testing in the discordant frontotemporal dementia group (Animals: 13 AE 5 in Alzheimer's disease versus 11 AE 4 in frontotemporal dementia, P = 0.22; Trail Making Test Part A: 61 AE 34 in Alzheimer's disease versus 201 AE 325 in frontotemporal dementia, P = 0.17; and Trail Making Test Part B: 480 AE 379 in Alzheimer's disease versus 632 AE 408 in frontotemporal dementia, P = 0.49). The discordant frontotemporal dementia group had better memory performance and a trend towards more impaired frontal function than the concordant Alzheimer's disease group. 
Discussion
This study focused on differentiation of subjects with mild dementias, where clinical evaluations may have limited accuracy. Such distinctions are of increasing scientific relevance, especially in the context of emerging pathology-specific therapeutic trials requiring early intervention. We found only moderate concordance between expert consensus clinical classification and neurochemical pathology demonstrated by 11 C-dihydrotetrabenazine and 11 C-PiB PET imaging, with 35% of subjects receiving discordant clinical versus neuroimaging classifications. This result is not necessarily unexpected; even in subjects with well-established dementia, clinical differentiation of neurodegenerations is imprecise (Knopman et al., 2001) . Clinical accuracy is variable across studies, with significant trade-offs between sensitivity and specificity of diagnostic classifications. Lewy body dementia consensus criteria, for example, demonstrate good specificity but relatively poor sensitivity (McKeith et al., 2000) . Up to 77% of patients with autopsy-diagnosed frontotemporal dementia meet Alzheimer's disease clinical criteria, indicating limited specificity of clinical Alzheimer's disease diagnosis (Varma et al., 1999) . Clinical criteria for diagnosis of frontotemporal dementia appear to be particularly imprecise. Mendez et al. (2007) systematically evaluated clinical criteria for diagnosis of frontotemporal dementia and ancillary imaging measures and found clinical criteria to be relatively inaccurate with sensitivity of only 37%. These investigators also reported that initial neuropsychology evaluations were relatively unhelpful in differentiating frontotemporal dementia from other dementing illnesses. Although there is evidence that accuracy of clinical diagnosis improves with serial evaluations and symptomatic progression (Jagust et al., 2007; Mendez et al., 2007) , the problem of differentiating neurodegenerative dementias remains particularly challenging in symptomatically mild cases. Among the three diagnostic categories, we found the highest degree of concordance between neurochemical imaging and clinical classifications of Lewy body dementia, and lower concordance between clinical and neurochemical imaging classifications of Alzheimer's disease and frontotemporal dementia. These results are roughly parallel with prior clinicopathological correlation studies of dementia diagnosis (Lopez et al., 1999; Varma et al., 1999; McKeith et al., 2000) . The considerable degree of overlap in clinical features between Alzheimer's disease and frontotemporal dementia degrades the performance characteristics of clinical criteria for these disorders (Lopez et al., 1999; Varma et al., 1999) , while the relative specificity of the clinical criteria for Lewy body dementia improves the performance of the Lewy body dementia clinical criteria (McKeith et al., 2000) .
The most frequent discrepancy in our series was in subjects classified clinically as frontotemporal dementia, where more than half had positive 11 C-PiB PET scans, leading to neurochemical Alzheimer's disease classification. Discordant subjects with frontotemporal dementia (clinical frontotemporal dementia, PET Alzheimer's disease) exhibited better memory function, more frequent behavioural complaints and a trend towards more impaired frontal lobe function than concordant subjects with Alzheimer's disease (clinical Alzheimer's disease and PET Alzheimer's disease). The discordant frontotemporal dementia group had less frequent behavioural complaints than the concordant frontotemporal dementia group; however, it was otherwise similar. Clinical features do not obviously distinguish among these subjects. This result is consistent with the experience of Mendez et al. (2007) and a recent systematic autopsy series reporting that up to 34% of subjects with focal cortical syndromes typical of frontotemporal dementias have Alzheimer's disease pathology (Alladi et al., 2007) . Our results are also qualitatively consistent with two small series reporting 11 C-PiB results in clinically defined frontotemporal dementia (Rabinovici et al., 2007; Engler et al., 2008) . These groups reported that 20-25% of clinically defined frontotemporal dementia exhibited positive 11 C-PiB scans. Alternatively, the discrepancy between clinical and neurochemical classifications in our study could be explained by misleading PiB results. Recent series, however, reporting subjects with frontotemporal dementia with more advanced disease demonstrate no incidences of PiB positivity (Rowe et al., 2007) . Our result of significant discrepancy between clinical and neurochemical imaging classification is also qualitatively consistent with the experience of a recent trial of bapineuzumab in which potential subjects with mild probable Alzheimer's disease comparable with our subjects (Mini-Mental State Examination 18-26) were evaluated with 11 C-PiB at trial entry. In that study, 8 out of 53 subjects with probable Alzheimer's disease (15%) had low brain 11 C-PiB retention and were excluded from the study (Rinne et al., 2010) . Our data do not identify a simple clinical or neuropsychological distinction between molecularly defined frontotemporal dementia and Alzheimer's disease, highlighting the need for imaging or other biomarkers. There are several potential limitations of our study. Our subjects were drawn from a university-based cognitive disorders clinic, and are not a general population sample. Most likely reflecting referral bias, we enrolled a relatively high number of subjects with clinical frontotemporal dementia, and these patients were responsible for the greatest discord between neurochemical and clinical classifications. Nevertheless, the within-clinical diagnostic classification performance of expert raters in our series is likely to reflect nearoptimal results of applying clinical criteria in general neurological clinics. We did not include subjects presenting with clinically important neurological deficits other than cognitive decline at symptomatic outset. Therefore, we cannot determine the ability of our imaging strategy to accurately categorize subjects with Parkinson disease with dementia, or other neurodegenerations with prominent movement disorders at or before the onset of cognitive decline. As is conventional, our clinical and imaging classifications presuppose that each subject has one type of pathology. Recent large autopsy series identify frequent co-morbid pathologies in demented subjects and some of our subjects may have more than one form of pathology contributing to their dementia. The most common form of pathological overlap is significant vascular pathology plus neurodegenerative pathology, which would not confound our classifications (Neuropathology Group of the Medical Research Council Cognitive Function and Ageing Study, 2001; White et al., 2005; Schneider et al., 2007; Sonnen et al., 2007 Sonnen et al., , 2010 Schneider and Bennett, 2010) . Co-morbid Alzheimer's disease pathology and Lewy body dementia, however, are described well and some of our subjects could have both Alzheimer's disease and Lewy body dementia (Schneider et al., 2007; Sonnen et al., 2010) . In these studies, overlap of frontotemporal dementia and other neurodegenerative pathologies is not described. This may reflect an actual biological difference or may be an artefact of the still-evolving methods and criteria for pathological evaluation of frontotemporal dementia (Mackenzie et al., 2009 ).
The accuracy of 11 C-PiB PET in our neuroimaging classification scheme may not be infallible. There is, however, prior evidence that 11 C-PiB imaging detects only fibrillar ab-amyloid deposits, and not aggregates of tau or -synuclein (Klunk et al., 2003; FoderoTavoletti et al., 2007) . Prior post-mortem studies indicate that substantial loss of nigrostriatal dopaminergic terminals is relatively specific to Lewy body dementia, at least as compared with Alzheimer's disease (Piggott et al., 1999; Suzuki et al., 2002) . Cerebral amyloid deposition, as determined by PiB imaging, is a surprisingly common finding in older individuals, as many as 20% of cognitively normal individuals in some studies (Villemagne et al., 2008) . Some patients with frontotemporal dementia may have coincidental amyloid deposition and would be classified as Alzheimer's disease in our classification scheme. Our primary study design employed qualitative visual classifications of PiB and dihydrotetrabenazine parametric distribution volume images in a fashion likely to emulate future diagnostic imaging approaches. Overall, there was excellent agreement between observer image classification and quantitative volume of interest-based measures. In PiB data, visual and quantitative criteria agreed in 56 of 60 cases (the 15 subjects with image-based Lewy body dementia classification did not contribute to this distinction, since they may be either amyloid-positive or -negative). In dihydrotetrabenazine data, there was complete agreement between visual and quantitative criteria for establishing lack of a significant nigrostriatal lesion (image-based Alzheimer's disease classification). Two of 28 subjects classified as image-based Lewy body dementia or frontotemporal dementia demonstrated discrepant visual versus quantitative classifications. Overall, the potential for misclassification by neuroimaging cannot be discounted, but would appear to contribute only a minor source of error in our present series. The performance characteristics of 11 C-dihydrotetrabenazine binding are not reported previously in mild dementia. False positives among normal subjects are unlikely to present a significant problem for 11 C-dihydrotetrabenazine imaging as there is wide separation between binding in normal controls and in subjects with Lewy body dementia (Bohnen et al., 2006; Koeppe et al., 2008) . Our designation of subjects with abnormal 11 C-dihydrotetrabenazine binding as Lewy body dementia, however, could lead to misclassification of some subjects with frontotemporal dementia. Some subjects with clinically defined frontotemporal dementia may exhibit significant nigrostriatal degeneration, potentially confounding the differentiation of Lewy body dementia from frontotemporal dementia (Rinne et al., 2002) . In our series, this appears relatively unlikely, as only one subject clinically classified with frontotemporal dementia had an abnormal 11 C-dihydrotetrabenazine result. In a prior PET study of striatal dopaminergic innervation in advanced, clinically defined frontotemporal dementia, the average reduction from the control mean was $20%, although 2 of 12 subjects had relatively severe reductions (Rinne et al., 2002) . It remains to be established whether these latter subjects have pathologically confirmed frontotemporal dementia or Lewy body dementia. There is significant potential clinical and research impact in distinguishing neurodegenerative dementias. Effective treatments can be more accurately directed to those who may benefit, such as acetylcholinesterase inhibitors in Alzheimer's disease and Lewy body dementia while potentially harmful treatments can be avoided, such as neuroleptics in Lewy body dementia or acetylcholinesterase inhibitors in frontotemporal dementia. An effective non-invasive mechanism for differentiating neurodegenerative dementias, particularly early in the disease course, would have significant utility in clinical trials where treatments are directed at specific neurochemical pathophysiologies . Although the PET neurochemical imaging approach employed in our study requires further evaluation with autopsy confirmation, it has potential to augment clinical classifications significantly. If this approach is validated, it could then be used as a proxy to evaluate more convenient diagnostic biomarkers. Until prospective confirmation of the PET approach is available, interventional research protocols focusing on subjects with concordant clinical and imaging phenotypes would be the conservative approach.
